The objective of this study was to evaluate the effect of high levels of Zn in soil on productivity and nutritional and root performance of young grapevine rootstocks, as well as to identify variables that are affected by excess Zn. Five rootstocks (SO4, Paulsen 1103, IAC572, IAC313 and 420A) were grown in pots containing soil with the addition of 0, 20, 40, 80 or 160 mg kg -1 of Zn. The rootstocks were pruned at 45 days, discarding the shoot. After re-sprouting, a main branch was maintained and evaluated after 50 days in terms of height, number of leaves, and leaf area; dry matter, concentration and accumulation of Zn in the shoots and roots; and area, volume, length and diameter of the root system. The variables of plant height, leaf area, and dry weight of roots and shoots can be used to evaluate the effect of Zn on the growth of young grapevines. The application of Zn to the soil increased the concentration and total accumulation of Zn in the shoots and roots of the grapevine rootstocks. The volume, surface area, and length of vine roots decreased after applying Zn to the soil, and these variables can be used to evaluate the negative effects of Zn on the vines. The number of leaves and the weighted root diameter are not good indicators of changes in young grapevines caused by high levels of Zn in the soil.
INTRODUCTION
The state of Rio Grande do Sul contains the largest amount of land in Brazil cultivated to grapevines, totalling approximately 50,000 ha (Mello, 2010; IBGE, 2014) , and the Serra Gaucha region is the most important wine region in the state and in Brazil. Grapevine cultivation in this region began in 1860, with the arrival of Italian immigrants, and since then, grapevines have been cultivated and subjected to successive applications of fungicides, reaching a yearly total, on average, of 70 kg ha -1 of copper sulphate (Cu) (Mirlean et al., 2007) . In addition to Cu, copper sulphate contains more than 1300 mg kg -1 of zinc (Zn) (Mirlean et al., 2007) . As reported by those authors, the Zn content in Serra Gaucha soils planted to grapevines is already four times greater than that found in uncultivated areas. An average of 14 fungicide sprayings per year are performed during conventional open-air cultivation of Vitis vinifera vines in Rio Grande do Sul (Santos and Chavarria, 2012) .
Zinc can reach the soil surface from other Zn-containing fungicides and from the application of organic compost to the soil (Angelova et al., 1999; Ramos and López-Acevedo, 2004) . Over time, the accumulation of Zn in the soil risks contaminating waterways through soil erosion. According to Fernández-Calviño et al. (2012) , Zn concentrations (extracted with EDTA) of up to 11 mg kg -1 were found in vineyard soils in Spain, whereas immediately following rains, the Zn content increased to up to 52 mg kg -1 in sediments. This problem is even greater in hilly regions with high rainfall.
Few studies have examined the toxicity of Zn to grapevines, but there are reports of that phenomenon in other crops. General chlorosis of the youngest leaves is one of the first symptoms of Zn toxicity (Fontes and Cox, 1995) . According to Ren et al. (1993) , vines exhibiting Zn toxicity have smaller leaves with less main root growth, and their lateral roots are fewer and shorter. Godbold et al. (1983) also reported that excess Zn can inhibit root growth. Furthermore, Soares et al. (2001) found that high doses of Zn (1600 µM) can reduce the concentrations of Fe and Ca in the shoots.
Brazilian winegrowers have used Cu and Zn for cultivating vines since the beginning of Brazilian viticulture; intensive use has caused serious problems for the environment and for the vines. Thus, it is necessary to study the influence of Zn on vines in order to monitor levels in the soil and to anticipate the potential problems it can cause for vines. The aim of this study was to evaluate the effect of high levels of Zn in the soil on the productive, nutritional and root performance of young grapevine rootstocks, as well as to identify variables that are affected by excess Zn in soil.
MATERIALS AND METHODS
The study was conducted in a greenhouse at Embrapa Grape & Wine (Embrapa Uva e Vinho) in Bento Gonçalves (latitude 29°09'44"S; longitude 51°31'50"W at an elevation of 640 m), in the Serra Gaúcha region of Rio Grande do Sul, southern Brazil. The Leptosol soil there had the following attributes: 290 g kg -1 clay; 16 g kg -1 organic matter; pH 5.5 in water; 35.3 mmol c dm -3 exchangeable Ca, 8.4 mmol c dm -3 exchangeable Mg and 5.7 mmol c dm -3 exchangeable Al (extracted with 1 mol L -1 KCl); and 3.6 mg dm -3 available P and 70 mg dm -3 exchangeable K (extracted with Mehlich-1). After collection, the soil was air-dried and passed through a sieve with a 4.0-mm mesh. Then, 2.0 g kg -1 of lime (PRNT 75%) was applied to raise the soil pH to 6.0, along with 100 mg kg -1 of P 2 O 5 (from H 3 PO 4 ) and 50 mg kg -1 of N (from urea). The sources of N and P 2 O 5 were applied as solutions to the surface of the soil, which was then homogenized and incubated for 30 days. Then, the soil was stored in 7-L pots.
The experimental design was completely randomized with two factors (factor A = five young grapevine rootstocks and factor B = five doses of Zn) with three replicates. The following rootstocks (RS) were used: SO4, Paulsen 1103 (P1103), IAC572, IAC313 and 420A. The following Zn doses were used: 0, 20, 40, 80 and 160 mg kg -1 . The source of Zn was ZnSO 4 .7H 2 O, applied to the soil as a solution, along with the sources of P and N. At the end of the experiment, a soil sample was collected from each pot and then air dried, passed through a sieve with a 2.0-mm mesh and analyzed using a Mehlich-1 extractor (0.05 mol L -1 HCl + 0.0125 mol L -1 H 2 SO 4 ).
In December 2012, a RS plant was transplanted into each pot. The RS plants were derived from tissue culture explants multiplied in vitro, acclimated and rooted in substrate in a greenhouse. Before transplantation, the plant shoots were pruned, retaining three buds. The roots were washed and pruned to 3 cm long. The first pruning was performed 45 days after transplantation, discarding the shoot. Then, after re-sprouting, only one main branch was maintained per plant, which was grown by stacking, and all evaluations were performed 50 days after pruning.
The following variables were analyzed: number of leaves, plant height, total leaf area, measured using a LI-3100C ® scanner, dry matter accumulation, concentration of Zn in the shoots and roots, and the surface area, volume, length and diameter of the roots.
The shoots were cut at the soil surface level and stored. Then the roots were removed from the pots, washed with 0.5 mol L -1 HCl and distilled water and stored. The shoots and roots were immediately dried in a convection oven at 65°C to constant weight and weighed to determine the dry matter (DM). Then the plant parts were ground in a Wiley mill and subjected to analysis of total Zn content and calculation of accumulated levels (Tedesco et al., 1995) . A representative part of the roots was cut into 2.0-cm pieces before drying, as described above, subjected to optical reading using a scanner and analyzed with the SIARCS 3.0 software to obtain the area, volume, diameter and length of roots (Crestana et al., 1994) . Finally, the dry mass was weighed for subsequent extrapolation of the total amount of root.
Data were subjected to analysis of variance. When interaction between factors was observed, regression equations were fitted for Zn doses in each RS. The differences between RS within each dose of Zn were compared by Tukey's test at 5%. For variables that did not interact, the same procedure as above was performed but using mean values. Statistical analyses were performed using the SAS software (SAS Institute, 2008) .
RESULTS AND DISCUSSION
The results of the analysis of variance showed no significant interaction between the factors RS and Zn levels. Therefore, the data were analyzed using the mean levels of each factor. Applying Zn to the soil decreased the height, leaf area and dry matter of roots and shoots but did not affect the number of leaves (Table 1) . For the mean doses of Zn, the IAC572 had the greatest height and dry matter of shoots and roots relative to the other RS, whereas P1103 had the smallest leaf area. The number of leaves did not differ between the RS (Table 1) .
Applying Zn quadratically increased the concentrations and accumulated levels of Zn in shoots and roots of the RS (Table 2 ). The Zn concentration in shoots was similar among RS. In the roots, IAC572 and 420A had greater concentrations than P1103 and SO4. Analyzing the amount of Zn accumulated in roots and shoots revealed that IAC572 exhibited greater values than the other RS due to the greater amount of dry matter produced by this RS ( Table 2 ). The increased Zn concentration and accumulation was expected, as reported by other authors (Carneiro et al., 2002; Marsola et al., 2005) . It was interesting that for the mean RS, applying the highest dose of Zn increased the concentration of Zn 2.7-fold in shoots relative to plants grown in soil without Zn application; the increase in the roots was 15-fold. This finding demonstrates a positive relationship between the Zn concentration in the roots and the absorption capacity of this element in the soil (Soares et al., 2001) .
The shoot/root ratio of the Zn concentration decreased quadratically with increasing content in the soil (Table 2 ). Based on this ratio, it is possible to confirm that the RS use concentrated more Zn in the roots than in the shoots and that the increase in concentration was greater in the roots than in shoots, as previously reported. The Zn concentration is greater in fine roots (<2 mm) than in thick roots (>2 mm) in grapevines (Chopin et al., 2008) . Similar results were obtained by Carneiro et al. (2002) for Zn levels using the herbaceous plant Pfaffia sp., but cadmium (Cd) concentrations were similar. Moreover, those authors reported that other herbaceous species showed different behaviour in relation to soil contamination with Cd and Zn, showing that each species of plants has different mechanisms for achieving tolerance or intolerance to different contaminating elements.
Plant defence mechanisms for reducing metal phytotoxicities include the exudation of chelating substances by roots (Castiglione et al., 2007; Pal and Rai, 2010) and the subcellular compartmentalization and sequestration of metals by organic compounds specifically produced for concentrating metals within the root system (Hall, 2002 ). Thus, grapevine roots limit the transport of metals, such as Zn or Cu, to shoots even at high metal concentrations in the soil (Cambrollé et al., 2013) .
In contrast to the findings of the present study, Silva et al. (2007) found that averages of 60 and 77% of Zn were accumulated in the shoots of rice and soybean crops, respectively, whereas only 17 and 34% of Cu were accumulated in the shoots of these crops. Thus, the resistance mechanisms of each plant are distinct and specific to each contaminating element.
Among the RS, the shoot/root ratios were lowest in IAC572 and 420A, showing that the rate of Zn translocation from roots to shoots is lower in these two RS.
Increasing soil Zn linearly decreased the volume, surface area and length of roots, but it did not affect the weighted diameter of the roots (Table 3) . IAC572 was superior to the other RS for all of these root variables. Reductions in root morphological parameters may be due to metabolic changes occurring in the roots that caused cell death, thereby reducing root growth (Gutierrez-Carbonell et al., 2013) . In addition, high levels of Zn caused deficiencies in the defence system against oxidative stress, inhibiting certain proteins, possibly because of an iron deficiency caused by excess Zn (Fukao et al., 2011; Gutierrez-Carbonell et al., 2013) . 
CONCLUSIONS
The quantitative variables of height, leaf area, and dry matter of roots and shoots were negatively affected by the addition of Zn to the soil and can be used to evaluate the effect of Zn on grapevine rootstocks.
Applying Zn to the soil increased the concentration and accumulation of Zn in the shoots and roots of grapevine RS. The reduction of dry matter and the increase in Zn concentration were greater in roots than in shoots of RS.
The volume, surface area and length of grapevine roots decreased after applying Zn to the soil and can be used to evaluate the negative effects of Zn on plants.
The number of leaves and weighted root diameter in grapevines were not good indicators for evaluating the effect of high levels of Zn in the soil.
